An external electric field changes the physical properties of polar-liquids due to the reorientation of their permanent dipoles. For example it should affect significantly the physical properties of water confined in a nanochannel. The latter effect is profoundly enhanced, if the field is applied along the nanochannel. Using molecular dynamics simulations, we predict that an in-plane electric field applied parallel to the channel polarizes water molecules which are confined between two graphene layers, resulting in distinct-ferroelectricity and electrical hysteresis. We found that electric fields alter the in-plane order of the hydrogen bonds: reversing the electric field does not restore the system to the non-polar initial state, instead a residual dipole moment remains in the system. Our study provides insights into the ferroelectric state of water when confined in nanochannels and shows how this can be tuned by an electric field.
I. INTRODUCTION
Whether or not there exists a phase of ice with a net molecular dipole moment is an old question which is closely related to the debate on the existence of ferroelectricity in ice. It remains highly controversial because of the absence of both theoretical and experimental study on the microscopic structure of water in the presence of an electric field. There is experimental evidence that at least partial ferroelectric alignment can be induced in normal ice, either by interaction with a substrate 1, 2 or by doping with impurities 3 . Su et al. 2 found ultrathin hexagonal films of water covering a substrate (1-10 monolayer thick) which had a net dipole moment. Ferroelectricity is expected to appear in the ordered phase of ice where the hydrogen bonds (H-bonds) are aligned uniformly 4 . Importantly, when reducing the degrees of freedom of the H-bonds the system becomes more ordered.
The ferroelectricity of monolayer ice was studied by several groups which found conflicting results, e.g. hexagonal and flat/rippled rhombic phases were found to be ferroelectric by Zhao et al 5 . This ordered phase has a net dipole. However many other studies reported a disordered phase with zero net dipole moment [6] [7] [8] . An external electric field, should in principle, reorient the local dipoles of water. However because of the random distribution of the dipoles in ordinary water, the strength of the electric field should be sufficiently strong (≥ 0.1 V/Å) to disrupt the network of molecules in liquid water 9 and to change the equilibrium freezing point of water. A higher electric field of about > 0.36 V/Å causes proton flow in hexagonal ice 10 . Depending on the value of the electric field, the external pressure may cause melting or freezing of water 11 . Recently, it was proposed experimentally that confined water exists as a quasi-two-dimensional layer with different properties than those of bulk water 12, 13 , though this observation was challenged later 14 . Graphene, the two-dimensional allotrope of carbon 15 , was used in a recent experiment to confine water 13 into monolayer, bilayer and trilayer. In our previous study we showed that a flat monolayer of ice exists between two graphene layers 16 . Here we address the effects of an electric field on a monolayer of ice which is confined between two graphene layers (separated by a few Angström). The microscopic details of the orientation of the H-bonds is interesting and provides insights about the response of ice to an electric field in other dimensions.
Using the reactive force-field (ReaxFF 17 ), we confirmed that the minimum energy configuration of a flat monolayer ice confined between two graphene layers sep- 
(color online) Hysteresis curve of the net polarisation of water confined between two graphene layers which are separated by h=6.5Å . The insets show the structure of monolayer ice for six specific cases. The electric field was varied with a rate of 12.5 GHz arated by 6.5Å is a non-polar ordered phase consisting of a combination of rhombic and tilted square lattice structure. This structure satisfies the ice rule while it is flat, ordered and non-polar. We study the response of such a monolayer ice to an external in-plane electric field. We found that an electric field of about 1-2 V/Å rotates the H-bonds, and reorients the dipoles changing the structure of monolayer ice. By reversing the electric field direction we found irreversibility in both the structure and the polarization of the system.
II. COMPUTATIONAL METHOD
In our MD simulations we used the reactive force-field ReaxFF 17 which is a general bond-order dependent potential that provides an accurate description of chemical reactions. The connectivity in the entire system is recalculated in every iteration and non-bonded interactions (e.g., van der Waals) are calculated between all atom pairs [17] [18] [19] . Numerical simulations are carried out using the LAMMPS code 20 which includes the ReaxFF method 21 . The ReaxFF potential allows H-bond extension/contraction in water as well as angle bending and it allows charge relaxation over each atom. This is in contrast to the traditional force fields for water, e.g. SPC and TIP4P
22 (a rigid planar four-site interaction potential for water) that keep the water molecules rigid during MD simulations. Notice that ReaxFF takes into account charge relaxation for all atoms in the system including carbon atoms. The time step used in the simulations is 2 ×10 −7 ns and each simulation consists of 10 6 time steps (0.2 ns).
III. MINIMUM ENERGY CONFIGURATIONS
The computational unit cell is a square with dimension 283 × 163Å
2 that contains 34848 carbon atoms and filled by 17100 water molecules. We start from a dense square structure of O atoms with a lattice constant of 2.8Å and a random distribution of the H-bonds. The monolayer of water is confined between two graphene layers and interaction with the C-atoms is fully taken into account. We performed an annealing MD simulation using NPT starting at 400 K and ending at 0 K, in order to find the true simulation box size and O-O distances. The total energy is minimized using the iterative conjugate gradient (CG) scheme. The graphene layers are rigid and separated by a fixed distance (h) having AB-stacking. More details about our method can be found in Ref. 16 . We found a flat rhombic-square lattice structure for monolayer ice confined between graphene layers that are separated by h=6.5Å, see Fig. 1 . The top view of the minimum energy configuration is shown in Fig. 1 which is a flat monolayer of ice with successive arrangements of rhombic building blocks without a net dipole moment. The orientation of the H-bonds leads us to conclude that we found an ordered phase without a net dipole moment. The radial distribution function (RDF) shows that the O-O distance in flat ice is about a=2.84±0.01Å which is in good agreement with the experimental value of a=2.81±0.02Å
13 .
IV. ELECTRICAL HYSTERESIS LOOP
In order to investigate the ferroelectric properties of a monolayer ice confined between two graphene sheets, we measure the total dipole moment by summing over all local dipoles ( P total = n p n ) in the presence of an external in-plane electric field of the order V/Å in the zig-zag direction. By changing the electric field in the range [-1.5,1.5]V/Å we found hysteretic behaviour which is explained as follows. For a tightly confined ice crystal (h ∈[4.5-6.5]Å) we find a smooth hysteresis curve, which for h=6.5Å is shown in Fig. 2 . In the insets of Fig. 2 the corresponding ice structures for six special states are depicted. Inset (a) shows the minimum energy configuration of a monolayer of water (Fig. 1) . By increasing the electric field the system becomes polarized and one naturally expects that the local dipoles orient along the direction of the external field. However, such a complete alignment does not occur in monolayer ice because of the local dipole-dipole interaction as well as the strong (mostly Coulomb) interaction between the neighbours. The minimum energy is determined by a compitition between the external electric field and the local arrangement of the dipoles. Surprisingly all the O atoms remain in the square-rhombic structure and only the H-bonds are rotated in the presence of the electric field. In the inset (b) the water configuration is shown near the saturation point P s . Two columns are visible for which the perpendicular dipole orientation is opposite, reminiscent of H-bonds between neighbouring water molecules. When decreasing the electric field after reaching the saturation point, the system retains a large fraction of polarization until a critical field is reached (+P r ). Here, the system reacts similar to a 2D Ising model: it relaxes through avalanche-like dynamics shown in the insets (c-d-e). We conclude that due to the presence of H-bonds, the larger electric field can only rotate the H-bonds and there is no significant change in the location of the oxygen atoms. By changing the electric field as seen from the insets there are two distinguishable lines of water molecules with a different orientation of the local dipoles. The local dipoles in two adjacent columns in the case ±E c are in opposite directions which results in a zero net dipole moment. We can conclude that electric fields < 2V/A are weak enough to change the position of O atoms. Changing the position of O atoms demands higher electric field which deforms the ice structure.
V. EFFECT OF THE RATE OF ELECTRIC FIELD
It is well known that hysteresis effects are related to the starting configuration and gives a time dependent output. Therefore we expect that by changing the rate (frequency) at which the electric field is varied we obtain different hysteresis loops. The electric field is varied linear in time between −2 V/Å and +2 V/Å with different rates f. In figure 4 we performed several additional simulations using different values of the frequency of the external field. For instance the frequency f=12.5 GHz corresponds to the situation which was shown in more detail in Fig. 2 . It is important to note that changing the frequency of the external field does not effect the morphology of the structures, only the rate at which the changes take place. The system reaches its highest saturation and remnant polarization for the slowest considered input rate of 6.25 GHz. By increasing the frequency these values gradually decreases, and the critical field for which the system switches its polarization is increased. There are three parameters that characterises each loop: the field E c at zero dipole moment, the remnant polarization P r and the saturation polarization P s which are listed in Table I . From this table we see that there are different frequency ranges for which the polarization process are rather similar. In general we can conclude that the saturation polarization for higher frequencies lowers, and that the driving electric field must be increased to a larger value before the system switches between polarized states. In Fig. 3(a) the local dipoles are shown for the unpolarized state (see inset (a) in Fig. 2 for the corresponding orientation of the water molecules). The local dipole moment of each molecule is compensated by molecules at the opposite vertex of the lattice. When applying the external field this symmetric arrangement is no longer preserved, and we find a new structure as shown in Fig. 3(b) . Here we find columns of similar orientation in the lateral direction of the electric field, with the total dipole moment averaging out in the direction of the external field. To preserve the H-bonds in the rhombic lattice, the individual dipolar molecules never fully align themselves with the external field. When increasing the strength of the external field to ±3 V/Å, there is a transition to a triangular lattice where all the local dipoles point in the direction of the field. In summary by increasing the frequency the width of the loops is enlarged and we obtain larger (smaller) E c (P r ).
For all studied h values, confined ice has the same energy threshold value for which it responds to the external field and passes from one metastable state to another. When increasing the rate of the external field, this barrier increases. The potential energy of the system is shown in Fig. 5 (a) . We find that the energy oscillates with the same frequency as the electric field and that for all given rates, a large jump in energy is visible around the field for which the system switches its polarization. For high frequency fields, the energy of the remnant state is closer to the initial configuration. The van der Waals energy is shown in Fig. 5(b) . Here, the tension on the dipoles created by switching the polarity of the field is clearly visible. The vdW energy reaches a minimum when we reach a maximum alignment of the local dipoles, which is at the saturation point (end of domains (1,2,3) in Fig.  5 (b) ). Comparing this result with structures found in 2 we see that here the H-bonds between neighboring atoms is the strongest. When reaching the critical field, the Hbonds are weakened as the individual columns rotate towards a perpendicular alignment with the electric field. The eventual cascade towards a switched polarization is prolonged for higher frequencies, and the vdW energy reaches larger values for these systems.
VI. DISCUSSIONS
Ferroelectric materials are used in many areas of science and technology which are a special class of piezoelectrics showing a large piezoelectric response. Ferroelectricity of confined water is largely unknown because of the lacking of experiments. The control of dipoles in water, its description and understanding of electromechanical (piezoelectric) and ferroelectric hysteresis helps to understand the fundamental properties of confined water and its fluidity 23 . Recently there have been several experimental attempts to produce confined monolayer ice and to study confined water in a hydrophobic channel 13 . Here theoretically we obtained the minimum energy configuration for confined ice and its irreversibility response to an in-plane electric field. We found that the minimum energy configuration is not a square lattice structure. An in-plane electric field rotates the H-bonds and makes monolayer ice polarized (but the oxygen atoms remains almost fixed) without losing the flatness of monolayer ice. However, by reversing the field the system reaches a higher energy state. The higher energy configuration mostly consists of two columns of dipoles whose moment can cancel each other when the electric field is set to ±E c . Therefore, monolayer ice oscillates between two ordered phases with opposite polarity (Fig. 2 (b-e) ) when an alternating electric field is applied. Independent of the applied electric field all structures remain almost flat. This electromechanical coupling might be responsible for some unusual phenomena in confined ice.
VII. CONCLUSIONS
In summary using reactive molecular dynamics, we studied systematically the response of monolayer ice to an external in-plane electric field. The structural change, the vdW and the H-bonding energy were calculated for such a monolayer of ice. We discovered electrical hysteresis in this system, where the net dipole moment of the system changes irreversibly with the electric field. During this process the system remains almost flat, and the oxygen atoms maintain their original position. The microscopic details that we address here for the response of a two-dimensional ice lattice to an external electric field is helpful for the understanding of the response of other structures of ice to an external electric field. We believe that this finding will motivate experimentalists to realize the proposed effect and reveal many unexplored issues of confined ice. Confined two-dimensional ice is a new material that exhibits hysteresis phenomena.
